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Kondo coupling of / and conduction electrons is a common feature of /-electron intermet allies. 
Similar effects should occur in carbon ring systems (metallocenes) . Evidence for Kondo coupling in 
Ce(C8Hs)2 (cerocene) and the ytterbocene Cp*2Yb(bipy) is reported from magnetic susceptibility 
and Lm-edge x-ray absorption spectroscopy. These well-defined systems provide a new way to study 
the Kondo effect on the nanoscale, should generate insight into the Anderson Lattice problem, and 
indicate the importance of this often-ignored contribution to bonding in organometallics. 
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Investigations into the Kondo effect, whereby a local 
magnetic moment spin-polarizes local conduction elec- 
trons forming a magnetic singlet, has recently broadened 
from the realm of understanding heavy-fermion, mixed 
valent and other related intermetallic alloys, to the study 
of transport and magnetic properties of quantum dots 
0,0, carbon nanotubes 0,0 > intermetallic nanoparti- 
cles Q , and even single-molecule transistors 0, . Self- 
contained systems, where the conduction electrons are in- 
trinsic rather than injected, are difficult to obtain exper- 
imentally, although theoretical attention has recently fo- 
cused on ma gnet ic impurities in <1 nm metallic nanopar- 
ticles [H 0, llOf . Similar interactions should occur in 
metal-carbon ring molecules (metallocenes) where the tt- 
bonded electrons are delocalized [ll|. Here, we describe 
experimental evidence that the Kondo effect occurs in 
single molecules (Fig. of cerocene [Ce(COT)2, where 
COT = cyclooctatetraene = CsHg] and the ytterbocene 
Cp*2Yb(bipy) [Cp* = pentamethylcyclopentadienyl = 
C 5 Me 5 , bipy = 2,2'-bipyridyl = (NC 5 H 4 ) 2 ] from both 
temperature-dependent magnetic susceptibility x(T) and 
/-occupancy measurements using rare-earth Lni-edge x- 
ray absorption near-edge spectroscopy (XANES). These 
results not only provide a new arena for studying the 
Kondo effect on the nanoscale, but also indicate the im- 
portance of this often-ignored contribution to bonding in 
organometallics and provide insight into the more general 
Anderson Lattice problem. 

The main difference between the Kondo effect in a bulk 
system and a nanoparticlc is due to quantum confine- 
ment, where the system is small enough that the con- 
duction band is no longer continuous, instead forming a 
set of discrete states with energy gap A 0, 0, . This 
problem is essentially a particle-in-a-box coupling to a 
magnetic impurity, and so has been dubbed a "Kondo 
box" In a conventional metallic lanthanide Kondo 
system with a continuous density of states at the Fermi 
level, calculations show that x(T) approaches a constant 
Xo as T — > 0, and for magnetic quantum numbers J > 1, 
it goes through a maximum near T ~ jTk 12]. In a 
nanoparticle for T > A, the system will behave similarly 



to the bulk, continuously filling the high-T triplet state 
from the low-T singlet state, that is, changing from a re- 
duced x( T ) at low T to a Curie- Weiss x(T) at high T. 
Both nanoparticle and bulk systems are in a multiconfig- 
urational, quantum mechanically mixed ground state of 
the nf=0 and 1 states, with the /-electron (for Ce) or 
/-hole (for Yb) occupancy n./ in the range of ~0. 7-1.0. 
For T K > 1000 K, n f should change little with T 0. 

The situation changes for xCO at T < A, although 
exactly how probably depends on the details of the sys- 
tem in question. One possibility is that x(T) — > as 
T — > and is exponentially activated as T approaches A 
0, [ljj , similarly to a Kondo insulator 0] . Implicit in 
this calculation is that the Lande g-values of the /-ion 
and conduction electrons are the same. If one instead 
allows different g's (eg., g—6/7 for Ce and 2 for conju- 
gated 7r electrons), one should obtain a T- independent, 
van Vleck paramagnetic state as T — > 15]. Another 
possibility ||| is that the Kondo resonance survives even 
up to A/Tk ~ 5, and therefore a continuous density of 
states exists. If the resonance width is proportional to 
Tk as in the bulk model, one expects a partial filling of 
the states above A, and x(T) — > xo at low T. Thus, 
even in a nanoparticle, one may obtain qualitatively sim- 
ilar behavior in x(T) to a bulk system. A molecular 
Kondo system should allow exploring these issues in a 
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FIG. 1: The crystal structure of cerocene is shown on the 
left, while the structure of Cp*2Yb(bipy) is shown on the 
right. Hydrogens atoms are not shown. 
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well-defined, monodispersed system that is small enough 
to create large energy gaps. 

We begin by investigating cerocene and compa ring 
these results to previous theoretical predictions [ll], [lfj, 
IT7) ]. The high measured Tk prevents the observation of 
any T-dependent effects. Consequently, Cp*2Yb(bipy) is 
investigated as an example of a molecule with a lower 
Tk where clear T-dependent effects are observed. Devi- 
ations between a conventional (bulk) Kondo model and 
these data are noted, and possible explanations are dis- 
cussed. 

Cerocene (Fig. might seem like a strange place to 
look for Kondo interactions, because the required local 
moment would be due to partial occupancy of the Ce 
/-orbital. Since its initial synthesis nearly 30 years ago 
Ha, Ce in cerocene was believed to have a tetravalent, / 
ground state. Atomic radii arguments [20j | and cerocene's 
apparent diamagnetism are consistent with the nominal 
(IV) assignment, and gas phase photoelectron spectra 
show no obvious signs of /-electron ionization. How- 
ever, Dolg, Fulde, and co-authors [111 lift Il7j later postu- 
lated that the ground state of cerium is close to Ce(III) 
f 1 with an admixture of Ce(IV) f° character. In this 
picture, strong correlations between the C 7r-electrons 
and the Ce /-electrons produce a singlet ground state, 
as in the Kondo interaction. Multiconfiguration interac- 
tion calculations indicate that this /(Ce)/p(C) coupling 
is very strong, leading to a mixed-valent ground state 
with an /-occupancy of n/ « 0.80 and a Tk ~ 11, 600 K. 
The only experimental evidence suppor ting this conclu- 
sion are Ce K-edge XANES spectra |22j of the sub- 
stituted cerocenes Ce(f7 8 -1,4-(TMS) 2 C 8 H 6 ) 2 and Ce(?7 8 - 
1,3,6-(TMS)3C8H 5 ) 2 indicating that the K-edge position 
is similar to that from various Ce(III) model compounds. 

In order to enhance previous studies of the physical 
properties of cerocene, a better synthesis was developed 
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FIG. 2: Cerium contribution to the magnetic susceptibility of 
cerocene, Ce(COT)2. The diamagnetic contribution from the 
(COT)2 has also been removed using Pascal constants [l8|l . 
Inset: data including a small magnetic impurity (~0.2% of a 
J =5/2 impurity), removed in data from main panel. 



as the literature synthesis only yields small amounts of 
product, making purification difficult. High yields were 
obtained by oxidizing the anion, [Ce(COT) 2 ]~ to ce- 
rocene using ferrocenium salts or para-quinonc. 

Since the metallocenes are extremely sensitive to air, 
special sample holders for both the x(T) and the XANES 
measurements are used. Susceptibility samples were 
sealed into 3 mm-diameter quartz tubes, and held in 
place with a small amount of quartz wool. The total 
background was typically ~2x 10 -5 emu (eg. ^30% of 
the signal at 300 K for cerocene). XANES holders con- 
sist of an aluminum body with machined slots. The sam- 
ples (typically about 5 mg of ground powder) were mixed 
with boron nitride and packed into the slots. Pinholc- 
free 0.001" aluminum windows were affixed to the holder 
with a lead-wire seal. This design allows measurements 
between 10-600 K while maintaining isolation from air. 

Magnetic susceptibility was measured with a Quan- 
tum Design superconducting quantum interference de- 
vice (SQUID) magnetometer. Small impurity contri- 
butions (so-called "Curie tails") are removed. For ce- 
rocene, a fit to a Curie-Weiss form plus a constant 
yields an impurity contribution with Curie constant 
C,/=0. 00167 emu-K/mol and Weiss temperature 6cw = 
—9.1 K, corresponding to ^0.2% J=5/2 impurity. The 
diamagnetic contribution from the complex has also been 
removed within 1% using Pascal corrections 18] . For 
example, while the cerocene molecule is diamagnetic 
with x(T) = -(2.7 ± 0.2) x 10~ 5 emu/mol, the Pascal 
constants indicate that the (COT) 2 portion is x(T) = 
— 1.67 x 10~ 4 emu/mol. The remaining cerium ion sus- 
ceptibility is therefore positive with a similar magnitude. 

Figure [3 shows the cerium contribution to x(T) for ce- 
rocene after background corrections both with and with- 
out the impurity contribution. The cerium ion displays 
characteristics of T-independent paramagnetism (TIP) 
with x(T) = (1.4 ± 0.2) x 10~ 4 emu/mol. Estimating of 
Tk from this result depends on whether one assumes a 
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FIG. 3: Ce L m XANES of cerocene, and Ce(III) and Ce(IV) 
references (see text). Final state configurations for the refer- 
ences, as determined in the literature, are indicated. 
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continuum of states, as discussed earlier. If the TIP is 
due to van Vleck paramagnetism, we expect %o ~ l/?k, 
since Xk is the difference in energy between the singlet 
and triplet states. However, we don't know the pro- 
portionality constant without a more detailed calcula- 
tion. If we assume the Kondo resonance generates a 
continuum of states, one can use the Coqblin-Schriefer 
model to obtain T K = ^^frj where ^=5/2, T K « 
0.770/xo=5,500 K from these data, in rough agreement 
with the value of 11,600 K from the calculation |l7| . 

XANES data were collected on BL 11-2 at the 
Stanford Synchrotron Radiation Laboratory (SSRL) 
using a Rh-coated mirror to reject energies > 
9 keV. The double Si(220) monochromator crystals 
were detuned for further rejection. Samples were 
placed in a LHc-flow cryostat. Figure shows 
the XANES data for cerocene and two reference 
standards: a Ce(III) standard, Ce[N(Si(CH 3 )3) 2 ]3, 
and a Ce(IV) standard, Ce[5,7,12,14-Me 4 -2,3:9,10-di- 
benzo[14]hexaenato(2-)N4]2 = Ce(tmtaa)2- It is impor- 
tant to note that formally Ce(IV) systems generally are 
strongly mixed valent |23j , as first observed in Ce0 2 and 
later in other formally Ce(IV) systems 0. The Ce(III) 
standard has XANES typical of the Lm edge of a rare 
earth in a single valence configuration, displaying a sharp 
resonance just above the threshold, followed by compar- 
atively small oscillations due to elastic scattering of the 
photoelectron by neighboring atoms. The final state in- 
cludes the core hole (2p 3 / 2 ) and the excited state 5d, that 
is, 2p 3 / 2 / 1 5d. Like Ce0 2 , the initial state of the Ce(IV) 
standard Ce(tmtaa) 2 is a superposition of states, close 
to \\f Q > +\\f 1 L > , where L indicates a ligand hole. 
The interaction of the 2p 3 / 2 core hole with the / orbital 
splits the final state into 2p 3 / 2 /°5<i and 2p 3 / 2 / 1 L5d con- 
figurations [23] • This splitting is clearly visible in the Ce 
Lin-edge spectra of cerocene and allows a more precise 
estimate of the cerium valence than the previous Ce K- 
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FIG. 4: Ytterbium contribution to the magnetic susceptibil- 
ity of Cp*2Yb(bipy). Inset: data including impurity (~1% of 
a J— 7/2 impurity), removed in data from main panel. 



FIG. 5: Yb Lm XANES for Cp* 2 Yb(bipy), and Yb(II) and 
Yb(III) references (see text). 



edge work. Indeed, this spectrum unequivocally shows 
that while cerium in cerocene is much closer to Ce(III) 
than the Ce(IV) model compound in agreement with the 
previous measurement [2^ , it also displays a pronounced 
feature indicative of an / component and therefore is 
mixed valent. These data have been fit with a combina- 
tion of an integrated pseudo-Voigt to simulate the main 
edge and other pseudo-Voigts to model the resonance fea- 
tures. We estimate nt = 0.89 ± 0.03 from these fits. We 
observe no change in rif with T until the system decom- 
poses above ~565 K. These data compare favorably with 
the value of rif = 0.80 obtained in the calculations |17j . 
Moreover, the measurement is consistent with a strongly 
mixed valent system as expected from the high predicted 
value of T K Q. 

Next we study how the ground state and T depen- 
dence evolve in a system with a lower Tk , the ytterbocene 
Cp* 2 Yb(bipy) (see Fig. QJ, where Yb is regarded as the 
hole analogue to Ce, and similar magnetic behavior is 
expected. In contrast to cerocene, the /-electrons couple 
with the bipy 7r-bonded electrons, since /-orbital overlap 
with 7r-orbitals of the canted Cp*'s is small. 

Samples of Cp* 2 Yb(bipy), as well as Cp* 2 Yb(OEt) 2 
and Cp* 2 Yb(bipy)I as Yb(II) and Yb(III) reference com- 
pounds, respectively, were synthesized and crystal struc- 
tures obtained using previously discussed methods |25| . 
Magnetic susceptibility data for the ytterbium contri- 
bution to Cp* 2 Yb(bipy) are shown in Fig. 21 after the 
Pascal corrections, with and without the impurity con- 
tribution removed. The impurity contribution in the 
Cp* 2 Yb(bipy) data is slightly non-Curie- Weiss-like at 
low T, that is, l/x(T) is not linear with T. This non- 
linearity is observed in other ytterbocenes synthesized in 
our lab. We overcome this difficulty by modeling the 
impurity contribution with data from the non-magnetic 
Cp* 2 Yb(II)(py) 2 system, where the impurity contribu- 
tion corresponds to less than ^0.5% of a J=7/2 impurity. 
The total impurity in the Cp* 2 Yb(bipy) data is roughly 
twice as large. 
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These x(T) data show significant T dependence in 
X(T), with clear evidence of both TIP at low T with 
Xo = (1. 46±0. 02) xlO -3 emu/mol and a strong maximum 
Xmax in the susceptibility at T(xmax) ~ 380 K. Yb L m - 
edge XANES data (Fig.0 are consistent with the %(T) 
data. In this case, the f 1A configuration is non-magnetic, 
and the estimated /-hole occupancy n/=0.07, 0.80, and 
1.00±0.03for the Cp* 2 Yb(LI)(OEt) 2 , Cp* 2 Yb(bipy), and 
Cp* 2 Yb(bipy)I, respectively. No change in these values 
has been observed from 10 K up to the T at which the 
samples decompose, above ~ 400 K. 

Although there have been no detailed theoretical cal- 
culations on Cp* 2 Yb(bipy), the T dependence and the 
observed Xmax in addition to the measured mixed valence 
make a strong case for Kondo-like interactions. In this 
instance, assuming a continuum of states and J— 7/2, we 
estimate T K from T K = 3.27/xo = 2240 K and T K = 
4.4T(xmax) = 1670 K; these estimates are in reason- 
able agreement. Moreover, we measure Xmax/xn = 1-34, 
compared to the J=7/2 calculation of 1.22 12] , also 
in reasonable agreement especially when one considers 
that Xmax/xo grows with increasing mixed valence in the 
non-crossing approximation (NCA) If one instead 

assumes discrete states and a van Vleck TIP as T — > 0, 
the observed T-dependence would be due to activation 
to the triplet level. Since Tk estimates from both xo 
and T(xmax) assuming a continuum of states are simi- 
lar, we tend to favor the idea that a Kondo resonance 
induces bulk-like behavior, but the discrete-states, van 
Vleck model cannot be ruled out from these data. 

Evidence of activated behavior in x(T) is not observed 
for either the cerocene or ytterbocene molecules, imply- 
ing that within the continuum of states picture A is 
< 0.2 eV, and that a lower Tk is still required to ob- 
serve the predicted activated behavior. It is important 
to point out that the enhanced Xmax/xo ratio may be 
due to a size-induced suppression of Xo as Tk approaches 
A, also accounting for the higher estimate of Tk from xo 
compared to that from T(xmax)- In fact, our early results 
on some related molecules show that Xmax/xo grows as 
?i/ — ► 1, opposite to that expected from calculations in 
the NCA [l3j. Another important possibility is that the 
number of electrons available for screening the /-hole mo- 
ment is close to unity. In that case, the screening cloud 
could be over or under damped and the susceptibility 
can approach the high-T local moment state either more 
quickly or more slowly with T than in a single impurity 
model j2|| . This issue therefore directly links these ma- 
terials to current topics in understanding the Anderson 
Lattice. 

In summary, the Kondo model has been used to under- 
stand the electronic and magnetic behavior of cerocene 
Ce(COT) 2 and the ytterbocene Cp* 2 Yb(bipy). The ex- 
perimental results for cerocene are in close agreement 
with theory, both from pseudopotential calculations fl7| 
and bulk Kondo calculations. In particular, x(T) 01 ce ~ 



rocene is T independent, consistent with the high value 
of Tk, and the valence is close to Ce(III) with some 
Ce(IV) character. Data on Cp* 2 Yb(bipy) are qualita- 
tively similar, except that Tk is low enough that x(^) is 
T-dependent, showing TIP susceptibility below ~150 K 
and a clear maximum at about 380 K, consistent with the 
measured valence within the Kondo model. Finally, de- 
viations from the standard Kondo picture exist, possibly 
due to size effects. 
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